Abstract-This paper proposes a noninvasive, acoustic-based method to differentiate between individuals with and without dysphagia or swallowing dysfunction. Swallowing sound signals, both normal and abnormal (i.e., at risk of some degree of dysphagia) were recorded with accelerometers over the trachea. Segmentation based on waveform dimension trajectory (a distance-based technique) was developed to segment the nonstationary swallowing sound signals. Two characteristic sections emerged, Opening and Transmission, and 24 characteristic features were extracted and subsequently reduced via discriminant analysis. A discriminant algorithm was also employed for classification, with the system trained and tested using the leave-one-out approach. Overall, 350 signals were used from three bolus consistencies (semisolid, thick and thin liquids). A final screening algorithm correctly classified 13 of 15 control subjects and 11 of 11 subjects with some degree of dysphagia and/or neurological impairments. The proposed method has great potential to reduce the need for videofluoroscopic swallowing studies (the current gold standard method for swallowing assessment, which is invasive and nonportable) and to assist in the overall clinical assessment of swallowing sound signals.
theory explaining the physiological cause or acoustical characteristics of normal swallowing sounds. Thus, without a thorough study of the normal swallowing sound, the potential for using acoustical analysis to understand dysphagic swallowing sounds is limited.
Normal swallowing involves intricate control and coordination of three swallowing phases, commonly referred to as oral, pharyngeal, and esophageal [3] , [6] . The oral phase begins with the insertion of the food bolus (solid or liquid) into the mouth. The lips, tongue, and teeth confine and process the bolus within the mouth. The pharyngeal phase begins once the bolus reaches the epiglottis and synchronized measures (with the breathing mechanism) are taken to protect the airway. Subsequently, the bolus is passed into the esophagus. Lastly, the esophageal phase begins once the bolus is within the esophagus and the crico-pharyngeus juncture sphincter, which is always closed, momentarily relaxes during deglutition [6] , [7] . Peristaltic waves propel the bolus into the stomach. The oral phase is voluntary, while the pharyngeal and esophageal phases are involuntary muscle synchronizations. Dysphagic individuals lack consistency of this systematic coordination, which may cause aspiration. Abnormalities in food processing cause delays in initiating swallows, difficulties in liquid swallowing and inefficient oral and pharyngeal clearance of swallowed material [8] . Overall, it is the delicate nature of the swallowing mechanism that lends itself to increased vulnerability and possible dysphagia.
The current gold-standard method for the assessment of aspiration is the videofluorosopic swallow study (VFSS). VFSS is a radiologic procedure, whereby subjects ingest small amounts of barium-coated boluses while X-rays penetrate the subject and the resultant images are video-recorded. VFSS allows immediate visual inspection, detection, and localization of abnormalities and demonstrates function impairments, which may result in aspiration [9] . However, VFSS is time-consuming and results in some radiation exposure. The test is not portable and cannot be done in the patients' typical eating environment, which potentially limits the patients' cooperation. Because of the X-ray exposure and lack of portability, VFSS cannot be used repeatedly when assessing/monitoring intervention strategies or assessing an evolving neurological condition of a patient. In addition, VFSS may be challenging in neurologically impaired children or adults who may not cooperate or position easily into the testing area. Thus, new techniques need to be developed to help assess the performance of the swallowing mechanism.
In recent years, cervical auscultation has been used by clinicians and researchers who investigate acoustical patterns and temporal relations, which exceed auditory perception, at both subjective levels via the stethoscope and objective levels 0018-9294/04$20.00 © 2004 IEEE via surface microphones or accelerometers (with subsequent computer programming and pattern recognition techniques). Three distinct and previously unrecognized structures within swallowing sound signals of infants were identified: initial discrete sound (IDS), bolus transit sound (BTS), and final discrete sound (FDS) , where the discrete sounds demonstrated remarkably stable repetition of the swallow composite [10] . IDS and FDS were also documented as the characteristic swishing double-click when the bolus passes through the pharynx into the esophagus [11] , [12] .
In the late 1990s, the majority of acoustical swallow studies were mainly concerned with the timing of the swallow within the breath cycle [13] , [14] . Breath and swallow coordination was studied to assess the maturity and competence of swallowing mechanisms along with the rhythmic breath-swallow patterns in preterm infants [15] . Later, more attention was paid to the basic characteristics of the swallowing sound and whether it could be used as an indicator of abnormalities [16] , [19] . Based on studying suck and swallows of infants over the first month of life, a maturational pattern of suck-swallow rhythmic integration was proposed to exist and could be compared with patterns from infants with bronchopulmonary dysplasia (BPD) [16] , [19] . Stationarity and normality of pediatric aspiration sound signals were studied and it was found that of the 94 waveforms studied, 62% were stationary over small window sizes and 96% violated normality [17] . Given the fact that swallowing sounds are nonstationary by nature, in a pilot study, normal swallowing sound signals were divided into stationary segments using variance fractal dimension (VFD) [18] . VFD is a fractal-based measurement describing the underlying signal complexity or major changes in the signal's variance [20] , [21] .
Loosely based on the principle of fractal dimension, waveform dimension (WD) is also a measurement of the degree of complexity or meandering between the points of a signal in the time domain. More specifically, WD is a measurement calculated for a specified window size, with the window being slid through the entire signal, creating a waveform dimension trajectory (WDT) (1) where (within a time window) is the number of steps in the waveform, is the planar extent or diameter of the waveform (that can be considered to be the farthest distance between the starting point "1" and any other point "i" of the waveform), is the total length of the waveform, and is the average distance between successive points [22] . In comparison with other waveform-based algorithms, such as the Higuchi and Petrosian methods, the WDT calculation procedure is reported to be fairly insensitive to noise [23] . In comparison with the VFD algorithm, VFD trajectories heavily depend on the selected window size and the percentage of (sample) overlap; on the other hand, WD trajectories are less susceptible to these changes by default [18] . The WD is also a faster algorithm than VFD. Thus, the WDT was used for the current investigation.
The objective of this study was to investigate whether there are any differences between normal and abnormal swallowing sounds. The specific goals were to divide the swallowing sound signal into characteristic segments (i.e., pharyngeal, esophageal, etc.) using WDT; and to extract the characteristic features to classify between the swallowing sounds of normal subjects and patients who might be at risk of having swallowing disorders (i.e., dysphagia). In particular, this paper reports on the techniques for swallowing mechanic corroboration, waveform dimension method utilized for segmentation, feature extraction, and classification of a number of normal and dysphagic swallowing sound signals.
II. METHODS
In this study, the term "normal" was applied to the swallowing sounds recorded from healthy subjects with no history of swallowing dysfunction. These individuals were considered as "control" subjects. On the other hand, the term "abnormal" was applied to the swallowing sounds recorded from patients with swallowing disorders and/or neurological impairments. For these subjects, we analyzed the swallowing sounds in which aspiration had not transpired. This selection was made for two reasons: first, the recording was stopped as soon as an aspiration occurred; hence, there were very few swallows with aspiration (one per patient) for analysis. Second, the goal was to develop a technique that could identify patients at risk of aspiration, only by acoustical means; otherwise, detection of aspiration is fairly simple as the breath sound immediately following an aspiration changes significantly (i.e., the breath sound is damped due to an external object in the airway). Therefore, the swallowing sounds analyzed in this study were normal and marginally normal (i.e., "abnormal," based on the definition above). Fig. 1 depicts the swallowing and breath sound signals of a normal subject in both the time and frequency (i.e., spectrogram) domains along with the corresponding airflow. Note that airflow was not calibrated and was not used for any analysis in this study, and is shown only for the purpose of illustration. The spectrogram was created using a 100-ms (1024 samples) Hanning window with 50% overlap between successive segments and calculating the discrete Fourier transform of each segment.
A. Subjects
Two groups of subjects participated in the study, including 15 controls and 11 patients. The controls were 12 children (ages 3-16 years) and three adults (ages 35, 38, and 54 years) with no history of swallowing dysfunction, eating or nutrition problems, or lower respiratory tract infections. Controls were tested in the Respiratory Acoustics Laboratory at the Children's Hospital, Winnipeg, MB, Canada. The patients were 11 young adults (ages 16-25 years), divided into two groups: subjects with swallowing dysfunction due to cancer and/or brain tumor (2 subjects, at age 16) and severely affected by cerebral palsy but feeding orally with no clinical signs or symptoms of aspiration (9 subjects). The former group was recruited from the Winnipeg Children's Hospital; they were considered healthy prior to illness (i.e., illnesses were noncongenital). These two subjects were tested in the videofluoroscopy room, Radiology arbitrary units for normalized amplitude; "SW" = swallow, "I" = inspiration, and "E" = expiration.
Department (Winnipeg Children's Hospital), during their regular swallowing assessment. The latter group consisted of nonambulant, wheelchair users affected by spastic quadriparetic cerebral palsy. These patients resided in a congregate care setting (St. Amant Center in Winnipeg, MB, Canada). Each of the subjects had good head control (but no independent sitting ability), moderate or severe cognitive impairment, and good nutritional status (as judged by their Center's clinical dietician). In addition, they were free of lower respiratory tract infections for at least one year prior to investigation. Subject selection was based on the recommendation of their care providers. These subjects were tested in St. Amant Center, their familiar care environment, during regular meal or snack times by their regular feeders. In each experiment, informed consent was obtained from all participants or their parents/guardians prior to the study. The study was approved by the Ethics Committee for the Use of Human Subjects in Research of the University of Manitoba. It should be noted that the age group of 16-25 years of cerebral palsy patients was considered equivalent to the healthy children group ages 3-16 years. Lastly, it is important to note that this study is retrospective and the convenience sample of subjects (i.e., controls and heterogeneous mix of subjects with neurological impairments) was originally collected for the purpose of studying the pattern of swallow in respiratory cycle.
B. Experiments
Subjects participated in one of the two conducted experiments: videofluoroscopic swallow study (VFSS) or audiorecording session (non-VFSS). The VFSS was administered for three healthy adults and two subjects with cancer and/or brain tumor who were thought to be aspirating based on the clinical evaluation, with both video and audio signals recorded. Audio recording alone (non-VFSS) was performed on 12 healthy children and 9 subjects with cerebral palsy, with only audio signals recorded. For both experiments, subjects were fed three textures, "semisolid," "thick liquid," and "thin liquid" in the same order. Respectively, prepackaged pudding, pudding diluted with an equal quantity of milk, and fruit juice were consumed. The physician in charge monitored each feeding for all subjects. Subjects were offered five to ten 5-mL spoonfuls of pudding and single-bolus sized sips of thick and thin liquids respectively. Overall, 350 swallowing sound signals were utilized (108 semisolid, 135 thick liquid, and 107 thin liquid).
C. Data Acquisition and Signal Processing
In both experiments, breath and swallowing sound signals were recorded by accelerometers (Siemens EMT25C) being placed over the suprasternal notch of the trachea and midclavicular second intercostal space, respectively and secured with double-sided adhesive tape rings. The signals were amplified with the same gain for all subjects and bandpass filtered (50-2500 Hz) in hardware to minimize very-low-frequency movement artifacts and high-frequency noises. During VFSS experiments, breath and swallowing sounds along with the video images were simultaneously recorded with a Super VHS Sony VCR. Later, the audio/video signals were digitized at 11.025-kHz sampling rate and 30 frames/s with a frame grabber (ATI Multimedia Software). During non-VFSS experiments, simultaneously with breath and swallowing sounds, airflow was also recorded by nasal cannulae attached to a Fleisch (No 3) pneumotachograph and Validyne differential pressure transducer (Northridge, CA). The signals were digitized at 10.240-kHz sampling rate; however, airflow signals were later decimated to 320 Hz.
Swallowing sounds were extracted from each recording. The start and end of each swallow were determined manually by repeated listening and monitoring of the signal in the time and frequency domains. The start point of a swallow was chosen as the first point of the deglutition apnea after any inspiration or expiration. The end point of the swallow was chosen as the sample point preceding the FDS if present, or by the breath immediately following deglutition apnea. FDS may or may not be present in a swallowing sound. Each swallow event was chosen through auditory analysis of the sound signal (both datasets), visual inspection of the signal in the time and frequency domain (both datasets), and visual inspection of the video frames (VFSS dataset). A time transcription was prepared of the "Swallow Commencement" and "Swallow Termination" for each extracted swallow. In addition, for each swallow, another time transcription was prepared for the "IDS Commencement," and "IDS Termination." Other acoustically evident modulations were also noted, as most swallowing sound signals included typical onomatopoeically designated "clacks," "gulps," "squishes," and "braaps." The overall averaged timings (across normal subjects) were compared to those previously published.
1) Adaptive Segmentation Using Waveform Dimension Trajectory (WDT):
An adaptive segmentation method based on the aforementioned WD was applied to the 350 swallowing sound signals. For each single swallowing sound extracted from the entire breath and swallowing sound signal, a 512-sample window was used to calculate WD [using (1)]. The window was slid across the entire signal with an increment of one sample at a time, and WD was computed accordingly. The 512-window corresponded to 46.4 and 50 ms for the VFSS and non-VFSS datasets (sampling rates of 11.025-and 10.240-kHz). From studying the swallowing sound signals in the time and frequency domains, the shortest characteristic signal of a swallowing sound is a "click" sound, which at most is approximately 33 ms in duration. Thus, a 512-sample window was long enough to capture the "click," and short enough to eliminate any redundant details. Once the window completely slid through the signal, the resultant collection of WD values was denoted as the WDT, which had a one-to-one correspondence with its analogous swallowing sound signal.
For each WDT signal, significant changes were marked as the boundaries of characteristic segments of the swallowing sound signal. Fig. 2 illustrates a typical normal swallowing sound signal and the corresponding WD trajectory. The WDT boundaries were compared to the manually transcribed timings (VFSS and non-VFSS datasets) to investigate whether the WD technique was able to detect the characteristic sections of a swallowing sound.
2) Feature Extraction: Having done Part 1 (verifying the match of WDT with time transcriptions and physiological events), the next step was to extract characteristic features for every swallowing section. From the results of Part 1, across the 350 signals, two prominent and similar characteristic sections (amongst and between subjects) emerged and were denoted "Opening" and "Transmission." The Opening section represented a bolus entering the esophagus and was defined as Swallow Commencement to IDS Termination (abovementioned time transcription titles). The Transmission section represented a bolus traveling down the esophagus to the stomach and was defined as the swallowing sound signal from the sample point following IDS Termination to Swallow Termination. Both Opening and Transmission sections were found to be wide-sense stationary; i.e., the mean value and variance were unchanged per subject. Also, note that extraneous noises ("clack," "gulp," and so on) were not removed from the Opening and Transmission sections. The swallowing signals depicted in Fig. 2 were demarcated accordingly.
Next, potential features were extracted, all pertaining to Opening and Transmission sections plus the "Total" swallowing sound signal in its entirety. Stemming from the time transcriptions, WDT and the swallowing sound signal magnitude, three sets of features were computed for each of the Opening, Transmission, and Total sections. The first feature set was "Time Duration," or length of the swallowing sound signal in the time domain per section. The second feature set was "Waveform Dimension," the maximum value of WDT for the Opening and Transmission sections and the mean value of WDT for the Total section. The third feature set was "Magnitude," or the mean rectified value of the swallowing sound in the time domain for the Opening, Transmission and Total sections. Following the initial intuitive features, more features were selected and designated for the Opening section only, as the Opening section was the least contaminated by extraneous noises, such as "gulp" and "clack." Using the fast Fourier transform, the power spectrum was calculated for every 100 ms segment of the signal with 50% overlap between adjacent segments. Then from the spectrum of the Opening section, "Fpeak," "Fmax," "Fmean," "Fmedian," and "Pave" were calculated. Fpeak (Hz) was the frequency corresponding to the maximum power spectrum magnitude, Fmax (Hz) was the frequency beyond which the power spectrum magnitude dissipated to less than 10% of its maximum, and Fmean (Hz) and Fmedian (Hz) were the statistical mean and median frequencies of the power spectrum. Pave (dB) was the average power calculated over seven specified frequency bands (read subscripts, in Hertz), thus branching into seven additional features: "
," " ," "
," " ," " ," " ," and "
." Finally, for the Opening and Transmission sections, "Skewness" and "Kurtosis" features were computed. Skewness and Kurtosis are third-and fourth-order statistics, respectively, measuring the asymmetry of the data around its sample mean and how outlier-prone the distribution is.
Following feature extraction, statistical t-tests were performed, testing the hypothesis that there was a true difference between the two means (normal and abnormal) of each feature. In addition, t-tests were also performed between texture pairs (semisolid-thick liquid, thick liquid-thin liquid, and thin liquid-semisolid) to investigate any significant difference for any of the 24 features, between the normal and abnormal groups .
3) Feature Reduction & Classification Techniques:
In this study, each swallowing sound signal was classified as normal or abnormal (marginally normal) as described at the beginning of Section II. As each case was known prior to classification, supervised learning was used [24] . The classification model used in this part of the study was discriminant analysis [25] using Statistical Package for the Social Sciences (SPSS) software.
To begin with, the 24 computed features were assembled into groups similar in meaning and importance. The following symbols represented the feature groups: T Time Duration and Waveform Dimension, M Magnitude, F Frequency, P Power, and N Normality. In order to select the best group or groups of characteristic features, discriminant analysis was performed with each individual group, utilizing all cases as the training data. Thick liquid texture was selected for this part of the study as it contained the highest number of overall swallowing sound signals (135) in comparison to semisolid and thin liquid textures (108 and 107). Using the leave-one-out method, the optimal feature set or combination was selected. The dataset was then divided into training and testing subsets. Since the number of subjects was not large enough for randomly dividing between the training and testing subsets, the leave-one-out approach was used such that first, the individual swallowing sound signals were grouped together (per subject); second, data of all subjects-except one-were selected as training data to create the classification model. The left-out subject's data were selected as testing data to assess the accuracy of the classification model. This procedure was repeated until all subjects were considered as the test subject once. The classification accuracy, however, was calculated considering each swallowing sound as a case. Therefore, for each subject, classification accuracy was calculated for the number of swallowing sounds that the subject contributed. Then, the classification accuracy was averaged between the subjects. The entire procedure of discriminant analysis was repeated for every texture.
This preliminary classification detailed the classification rates of each swallow per subject. From each completed analysis, a subsequent tally of each predicted group membership was recorded. A secondary classification, or screening process, was then employed to assess the overall classification rates for each subject. For each texture and each subject, two error rates were calculated: , the chance that a swallow was falsely classified as abnormal; and , the chance that a swallow was falsely classified as normal. Each subject had predicted group memberships equal to the number of times discriminant analysis was performed; hence, the error rates had to be averaged per subject. Next, the error rates were compared to a preliminary threshold of 50%, which was further investigated to determine whether or not a tighter threshold was possible for use. If more than 50% of the swallowing signals of a subject were predicted as being normal, the subject's swallowing was considered to be normal overall. Conversely, if more than 50% of the swallowing sound signals of a subject were predicted as being abnormal, the subject's swallowing was considered to be abnormal overall. After this screening, a new accuracy (or misclassification rate) was calculated for each texture. Also, for each texture, only subjects contributing more than one swallow were included for the screening procedure.
III. RESULTS

1) Adaptive Segmentation Using Waveform Dimension Trajectory (WDT):
Prior to the assessment of WDT segmentation, manual inspection of the swallowing sound signals, by visual and auditory means in the time and frequency domains as well as the video data, was crucial, revealing much regarding swallowing sound corroboration with swallowing mechanism. Consequently, these results (described first) were then utilized in the evaluation of WDT results (described second). To begin, the Opening section corresponded with the bolus entering the pharynx by way of the opening of the crico-pharyngeus muscle. The IDS of the swallowing signal was definitely present in all swallows in the controls and patients (all datasets). The Transmission section corresponded with the bolus traveling down the esophagus and the return of the epiglottis (commonly causing an ensuing "click" sound, noted as FDS). The FDS of the swallowing signal was noticeably absent in a number of swallows; therefore, FDS was not included in this analysis. The averaged IDS and FDS (where present) duration, for all video-based swallowing sound signals, were found to be approximately 33.3 ms or one frame (both normal and abnormal subjects). In addition to the IDS and FDS, several extraneous noises were categorized. The "clack" sound corresponded to tongue movement, and the "gulp," "squish," and "braap" sounds were of a more general nature (i.e., not dependent on one physiologically specific movement). These universal and superfluous sounds typically emanated from bolus movement within the esophagus (i.e., Transmission section), were temporally sporadic, and although disruptive (i.e., high in amplitude), were not as prominent as the IDS and FDS signals.
Subsequent WDT segmentation revealed a definite correspondence between its boundary markings and the aforementioned manual time transcriptions. For example, Fig. 2 depicts the demarcation of one swallowing sound signal into the Opening and Transmission sections via WD trajectories in the time domain. First and foremost, the prominent IDS signals (or click segments) were always recognized within the swallowing sound signal as they corresponded with the largest variations or contours in the WD trajectory signals. In addition, extended quiet periods and extraneous noises were also consistently isolated via WDT signals. Overall, manual time transcriptions and WDT segmentation resulted in highly correlated swallowing sound identification. In comparison to VFDT reported in [18] , the WD algorithm resulted in more accurate segmentation.
2) Feature Extraction: After corroboration of manual time transcriptions and WD trajectories, feature extraction and t-tests were performed to identify the most important signal characteristics; i.e., features that would best differentiate between normal and abnormal swallowing sound signals, and furthermore, between textures for both normal and abnormal swallows. Stemming from manual time transcriptions and the corresponding WDT signals, Time Duration was first examined " " = significant difference (SD) between "N" = normal and "A" = abnormal mean values (P < 0:05) ( Table I ). The durations of Opening, Transmission and Total sections were significantly longer for abnormal than normal swallowing sounds for both semisolid and thick liquid textures. No significant differences were observed for thin liquid texture. For normal data, Opening Time Duration yielded significant differences between thick and thin liquids textures, whereas, for abnormal data, Transmission and Total Time Duration yielded significant differences between semisolid and thick liquid as well as between thick and thin liquid textures.
In terms of Waveform Dimension value, for thick and thin liquids, Opening WDT was significantly lower (i.e., less complex) for abnormal than normal swallowing sounds. Also, thick liquid Total WDT was significantly lower for abnormal than normal swallowing sounds. For normal data, Opening WDT yielded significant differences between thick and thin liquids and semisolid and thin liquid, whereas Total WDT yielded significant differences between semisolid and thin liquid. For abnormal data, both Opening and Transmission WDT yielded significant differences between semisolid and thick liquid.
Magnitude features (of Opening, Transmission, and Total sections) yielded significantly higher values for abnormal than normal swallowing sounds, for every texture. Overall, abnormal swallowing sounds were louder than normal ones. For normal data, Opening Magnitude yielded significant differences between thick and thin liquids, whereas both Transmission and Total Magnitude yielded significant differences between semisolid and thick liquid. For abnormal data, Opening Magnitude yielded significant differences between thick and thin liquids and semisolid and thin liquid.
Of the Frequency features, for thick and thin liquids, Fpeak was significantly lower for abnormal than normal swallowing sounds. For semisolid, Fmax was significantly higher for abnormal than normal swallowing sounds. However, Fmean and Fmedian features did not show any significant differences between either normal/abnormal swallowing sounds or different textures.
Average Power in all seven frequency bands yielded significant differences for semisolid data, where abnormal swallowing sounds had significantly higher average power than normal swallowing sounds. In addition, thin liquid data showed significantly higher power for abnormal than normal swallowing sounds and conversely, higher power for normal than abnormal swallowing sounds. Between the textures, all seven Power features showed significant differences between semisolid and thick liquid, and semisolid and thin liquid textures. Overall, a damping effect was observed; i.e., the thicker the bolus texture, the lower (or more damped) the average power. This effect can be heard from repeated audition of swallowing sound signals from one subject, while changing bolus textures.
Finally, normality features were examined. For Gaussian or normal distributions, skewness and kurtosis are, respectively, zero and three, representing data perfectly symmetric in distribution. Considering the results of Skewness, one may conclude that the swallowing sounds were slightly skewed toward either left or right of the sample mean (which is zero as the sounds were recorded by a bandpass filter, without a DC offset). However, since the results of Kurtosis were far above 3, overall, one may conclude that the normality test was failed in swallowing sound signals. In addition, a subsequent Lilliefors test for goodness of fit to a normal distribution for all textures (Opening and Transmission sections) revealed the absence of normality in all swallowing sound signals. Nevertheless, while there were no significant differences in the Skewness feature between normal and abnormal swallowing sound signals, Kurtosis showed significant differences between the two groups. On the whole, Kurtosis was smaller for abnormal than normal swallowing sound signals. However, it was variable between the subjects (i.e., high standard deviations). Neither Skewness nor Kurtosis showed any significant differences between the textures.
3) Feature Reduction and Classification Techniques: Discriminant analysis was performed with each individual group (all cases as training data). As previously mentioned, Group T yielded the highest overall accuracy; therefore, it was included in all further testing. Subsequently, Group T was subdivided into Time Duration and Waveform Dimension features with discriminant analysis performed with each subset. The Time Duration features (first subset) resulted in higher accuracy for semisolid and thick liquid textures in comparison with Waveform Dimension features (second subset). For thin liquid, the accuracies between subsets were comparable. Including Group T in every group, sixteen new combinations were tested. The combinations 'TMP' and 'TMPN' yielded the highest accuracy: 94.8% (overall), 94.8% (within the normal class), 94.7% (within the abnormal class). However, since the removal of the Group N features did not result in a reduction of classification accuracy, the TMP combination was considered to be the optimal feature set. Next, the individual features of Groups T, M and P were examined using the leave-one-out approach. The eliminated features included Time Duration (of the Total section) as well as , , and (of the Opening section). Based on the results of analysis using SPSS, Time Duration Total was removed due to its strong Also, according to the results of analysis using SPSS, the aforementioned power features were eliminated because they did not contribute any distinctive information or tangible characteristics to the classification model.
With the remaining eleven features, further testing did not reveal any additional classification improvement; i.e., the classification accuracy reached a plateau. Overall, the reduced feature set contained the following features: Time Duration (Opening, Transmission), WD (Opening, Transmission, Total), Magnitude (Opening, Transmission, Total), and , , . All of these features, with the exception of WD (of the Transmission section), yielded significant differences between normal and abnormal swallowing sound signals for at least one texture.
Discriminant analysis was performed (with the eleven features identified in the preceding paragraph) for preliminary classification of normal and abnormal swallowing sound signals for each texture. Considering each swallowing sound as one case, overall training and testing classification accuracies were averaged between the subjects (Table II) . For semisolid, thick, and thin liquids, the training accuracies were 82.0%, 94.9%, and 94.4% for normals and 89.8%, 95.1%, and 87.5% for abnormals, respectively; the testing accuracies were 58.0%, 76.6%, and 84.6% for normals and 84.8%, 88.1%, and 63.3% for abnormals, respectively. Secondary classification or screening increased the overall classification accuracy significantly for all textures, as it yielded correct classifications for 7/9, 10/10, and 9/10 normal subjects and all (10/10, 7/7, and 4/4) abnormal subjects (Table II) . The only three misclassified normal cases (two with semisolid, one with thin liquid) stemmed from the two older adult subjects in the control group, ages 38 and 54.
Finally, considering each swallowing sound as a case, two averages were calculated for the and error rates per subject (Table III) . First, "Exclusion A" described the averaged error rates excluding subjects who contributed only one swallow for a texture. Second, "Exclusion B" described the averaged error rates excluding the two older adult control subjects and any subject who contributed only one swallow for a texture (one control and three patients). Exclusion A and B averages ranged from 4.0% to 22.2% and 0.5% to 17.2%, respectively. With the exclusion of the adult subjects, Exclusion B averages indicated a drastic reduction of error rates.
IV. DISCUSSION
Time, frequency, audio and video domain analyses were required to fully identify, extract and compare swallowing sound signals. First, identification of individual swallowing sound signals depended upon the detection of IDS and FDS signals (in both the time and frequency domains). These sounds were consistently sharp, crackling and at times brilliant, as described by Qureshi et al. [11] . On the average, IDS was 33 ms in duration in comparison with 10 to 30 ms reported by Vice et al. [10] . The difference may be due to different video digitization rates. The IDS signals were initiated by a prominent excursion with a rapid rise, graduating into activity of lower amplitude and lower frequency of repetition; on the other hand, the FDS signals were less prominent and more variable in amplitude and morphology. Physically (in the audio and video domains), the IDS corresponded to the subsequent opening or relaxing of the crico-pharyngeus sphincter and shifting of the bolus into the pharynx (once the epiglottis gradually moved downward, which took up to 100 ms). After the explosive shift, deglutition continued until the epiglottis was returned to its normal position (which occurred at a much faster rate than its initial downward movement; i.e., was at most about 33 ms or one frame) and the airways were reopened. These final movements corresponded to the FDS (although they were not always present). Overall, consistent identification of IDS and FDS were congruent with the findings of Vice et al. and Kahrilas et al. [12] , [26] .
With the success of WDT as a signal segmentation tool, characteristic Opening and Transmission sections were observed and defined. Subsequently, features were calculated with various degrees of significance. In general, a high degree of overlap was observed in all 24 calculated features between normal and abnormal swallowing signal characteristics (i.e., large standard deviations values were observed). This result was entirely expected, as the abnormal swallowing sound signals were actually marginally normal (or the successful, nonaspirated, swallows generated by neurologically impaired subjects). Thus, ensuing classification to detect abnormal swallowing sound signals regardless of their marginal normalcy must overcome this commonality factor (i.e., shared or overlapping characteristics between normal and abnormal groups).
From the Opening and Transmission sections, and of the five major feature groups (T, M, F, P, and N), Group T was the most important, yielding the highest individual classification accuracy. In addition, and within Group T, the Time Duration features were deemed to be the most important (as they yielded higher classification accuracies than the Waveform Dimension features). Within Time Duration, of Group T, the most notable feature was Total Time Duration, although it was excluded from the reduced feature set due to its strong correlation with Time Duration of the Opening and Transmission sections. In deglutition studies, Total Time Duration is a frequently calculated feature. For our normal subjects, Total Time Duration feature values (averaged across ten subjects, ages 3-54 years) ranged from 790 to 880 ms, which differed slightly from total deglutition apnea duration values reported by [26] [27] [28] [29] . Kahrilas et al. reported a duration of 870 ms from upper esophageal sphincter opening to airway reopening, with subsequent swallow in between, for one normal subject (male, age 35 years) [26] . The other researchers [27] [28] [29] respectively reported apnea durations of 600, 800, and 750 ms in their bolus viscosity and volume studies (with respectively 92, 15, and 12 healthy normal adult participants). Another notable result was that all of the Time Duration features were significantly different between normal/abnormal swallows for semisolid and thick liquid textures; i.e., abnormal swallowing sound signals were significantly longer than normal swallowing sound signals. This result was in accordance with those found in a recent pilot study comparing healthy controls and subjects with gastroesophageal reflux disease (GERD) [30] . For several pharyngeal swallow events, such as pharyngeal response and transit time, base of tongue movement to the posterior pharyngeal wall, hyoid movement, and cricopharyngeal opening, the GERD group demonstrated longer time durations than their control group counterparts. In addition, all of the remaining recorded events, such as laryngeal elevation and closure, were also longer in duration in the GERD than control group, but not significantly so [30] . Also within Group T were Waveform Dimension features, which revealed significantly lower complexity in abnormal than normal swallowing sound signals. This finding was interesting as WDT values may be potential indicators of specific deficiencies within the swallowing mechanism. When an aspiration event occurs, an error in the normal swallow sequence transpires. This error may be due to a number of problems, including a few milliseconds of delay with the airway protective features, a mistiming of the breath-swallow coordination, or a poor clearance of the swallowed bolus. The neurological impairments that underlie these problems in the swallowing mechanism are numerous. Regardless of the cause of swallow difficulty, the results of this study suggest that abnormal swallowing sounds are lacking some characteristic component compared to normal swallowing sounds, and that this is primarily reflected in the waveform dimension results.
Of interest were the Frequency and Power features of Groups F and P. Specifically, we noted an Fpeak of 500-900 Hz, which has an approximate agreement with the "wet" or water swallow reportedly reaching 400-600 Hz and 1000 Hz (respectively for the beginning and ending of a swallowing sound signal) [31] . Also, averaged Fpeak, Fmax, and Fmean were 800, 2700, and 1250 Hz in comparison to the 300, 700, and 350 Hz reported by [32] for breath sound signals, indicating the dominating high-frequency components of a swallow within the breath and swallowing sound signal. Significant differences were observed between all Power features for semisolid data. This result provides the quintessential basis for this study; i.e., abnormal swallowing sound signals are distinct (in their average values) and yet parallel (in their standard deviations) versions of normal swallowing sound signals.
The Normality features of Group N, Skewness and Kurtosis, indicated that both normal and abnormal swallowing sound signal segments lack normality. One recent study described 94 aspirated swallowing sound signals from children as nonstationary with departures from normality [17] ; however, it was not clear which exact section of the swallowing sound was studied. Also, given the fact that physicians normally halt videofluoroscopy after observing one or two aspirations, it was not clear if the data included the swallows in which aspiration had occurred or swallows of subjects at the risk of aspiration. Nevertheless, their finding of the absence of normality in swallowing sound signals is congruent with our results.
Of the 24 features extracted in this study, 11 were selected as the optimal feature set with the majority (all but one) yielding significant differences between normal and abnormal swallowing sound signals for at least one bolus texture. The feature exception was WD of the Transmission section. We speculate that the extraneous bolus transmission sounds ("gulp" and so on) frequently emanating from the Transmission section interfered with the section's true characteristic sound.
With the optimal feature set, discriminant analysis proved successful as a classification tool. The classification was achieved in two stages. In Stage 1, discriminant analysis was used to classify each swallow as either normal or abnormal. In Stage 2, screening was used to classify each subject as either normal or abnormal. As a rule of thumb, a subject was classified as abnormal (at risk) if more than 50% of his/her swallows were classified as abnormal and vice versa. However, the results showed that the same second stage classification accuracy could be achieved with a threshold of 70%, with the exception of one case (an adult control). The secondary screening significantly improved all classification accuracies, for all textures. The most important results stemmed from thick liquid, as this texture contained the largest number of swallowing sound signals. Final classification accuracies for thick liquid were 100.0% for both normal and abnormal subjects.
Next in importance was thin liquid, as the texture posed the highest risk for our subjects (i.e., the subjects aspirated more frequently with the thin liquid than with the other two textures). However, in subjects with significant weakness, thick liquid may pose a greater risk than thin liquid. Thus, the importance of texture is relative to the conditions of the subjects. For thin liquid, final classification accuracies were 90.0% (9 of 10 subjects) and 100% for normal and abnormal subjects, respectively. Of the ten normal subjects tested, one subject-the eldest normal subject (age 54 years)-was misclassified; i.e., he was classified as at the risk of aspiration. As a result of this interesting finding, we postulate that age increases a normal subject's likelihood to experience some degree of swallowing dysphagia (for example, recurring aspiration). According to the error rates averaged in Table III , the inclusion of two older adult subjects as controls contributed to higher misclassification percentages for all textures. Without these two subjects, the overall error rates were extremely low.
Last in importance was semisolid, as the texture posed the lowest risk for our subjects (i.e., the subjects aspirated less frequently with semisolid consistency than with the other two textures). The semisolid texture, the safest texture to consume, also had the lowest error rate. For semisolid, the final classification accuracies were 77.8% (7 of 9 subjects) and 100.0% for normal and abnormal subjects, respectively. Again, the two misclassified subjects were the two older controls (ages 38 and 54 years). Of interest were the results of Selley et al., where four groups of healthy subjects were tested to establish the normal swallowing behavior and mechanism [3] . The groups, all without neurological diseases or swallowing problems, included 25 children (ages 2-11 years), 23 school pupils (ages 11-18 years), 15 university students and staff (ages 18-30 years), and 18 elderly adults (ages 60-90 years). Selley et al. noted that the complex feeding respiratory pattern in a given adult repeats in 95% of swallowing events, and maturation of the feeding respiratory pattern emerges in the teenage years and becomes remarkably consistent thereafter [3] . However, they focused mainly on respiratory patterns (i.e., percentage of expirations immediately following the swallowing sound signal) in addition to time duration. On the other hand are the speculations of Fillion and Kilcast [33] , who conjectured that dysphagia, in the form of poor oral sensory integrity and consequently bolus formation and movement, stems from age-related changes in muscle strength and a generalized decrease in epithelial sensitivity (caused by a decrease in the number of nerve endings with increased age).
Moreover, in another recent study, Hiss et al. [34] tested 60 adults (20 per group; ages 20-39, 40-59, and 60-83 years) and reported an increase in swallowing apnea durations with age. In addition, oro-pharyngeal and hypo-pharyngeal pressures were reportedly higher in amplitude and duration for older individuals in comparison with younger adults. Thus, in aging individuals, changes in swallowing sound signal are directly correlated to age-related changes in anatomy and physiology [34] . This may explain the reason for our two older control subjects being misclassified.
The proposed methods in this study hold promise as tools in the evaluation of swallowing dysfunction; and more importantly, in understanding the complexity of the swallowing process in individuals with and without neurological impairment. Stemming from the results, long-term objectives include viable, noninvasive diagnosis of subjects (normal and abnormal) based on the analysis of externally recorded swallowing sound signals. The results of this study pave the way toward reducing the need for videofluoroscopic swallow studies and assisting in the overall clinical assessment of swallowing sound signals.
